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PREFACE

This report was prepared by the Douglas Aircraft Company, McDonnell Douglas
Corporation, Long Beach, California under contract NAS1-12954. It is the
final technical report covering design, manufacture, and ground test activi-
ties during development of an advanced composite rudder for flight-service
on the DC-10 transport aircraft. The work was conducted between 18 January
1974 and 30 April 1976.

The following Douglas personnel were the principal contributors to the pro-
gram: G. M. Lehman, Technical Director; Dr. D. M. Purdy, Deputy Technical
Director; A. Cominsky, Structural Design Criteria and Analysis; A. V. Hawley,
Structural Design; M. P. Amason and J. T. Kung, Lightning Protection System
Design; R. J. Palmer, Material and Process Engineering; N. B. Purves and

P. J. Marra, Tooling and Manufacturing Development; G. R. Hancock, Industrial
Engineering; E. G. Willoughby and R. G. Wolfe, Instrumentation and Static
Testing; G. G. Stuart and G. E. Hinote, Modal Vibration Testing; and C. A.
Felton, Flutter Analysis.

The project was sponsored by the National Aeronautics and Space Administra-

tion (NASA), Langley Research Center. Mr. Marvin B. Dow was the Project
Engineer for NASA.
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ADVANCED COMPOSITE RUDDERS FOR DC-10 AIRCRAFT -
DESIGN, MANUFACTURING, AND GROUND TESTS

by George M. Lehman, et al.
SUMMARY

Design synthesis, tooling and process development, manufacturing, and ground
testing of a graphite epoxy rudder for the DC-10 commercial transport are
discussed. An objective of the program was to develop a structure with sig-
nificant weight saving and potentially competitive cost in comparison with
the existing metal design. The composite structure was fabricated using a
unique processing method in which the thermal expansion characteristics of
rubber tooling mandrels were used to generate curing pressures during an oven
cure cycle. This method eliminated the need for autoclave curing and second-
ary assembly bonding of the rudder structure. Development of the rudder is
traced through construction and testing of a group of fabrication feasibility
specimens and structural development components representing salient details
of the structure. The ground test program was fully coordinated with the FAA
and resulted in certification of the rudder for passenger-carrying flights.
Results of the structural and environmental tests are interpreted and detailed
development of the rudder tooling and manufacturing process is described.
Processing, tooling, and manufacturing problems encountered during fabrication
of four development rudders and ten flight-service rudders are discussed and
the results of corrective actions are described. Non-recurring and recurring
manufacturing labor man-hours are tabulated at the detailed operation level.
Production progress (learning) curve slopes of 87.4 and 89.4 percent, respec-
tively, were attained for the graphite-epoxy box structure fabrication and
completed composite rudder assemblies during construction of the ten flight-
service rudders. A weight reduction of 13.58 kg (33 percent) was attained in
the composite rudder.






INTRODUCTION

The excellent potential of advanced composite materials to reduce airframe
weight, and therefore enhance the economic performance of aircraft systems,
has been conclusively demonstrated by numerous structural research and develop-
ment programs. However, the application of these materials to commercial
transport aircraft has been inhibited by the lack of adequate manufacturing
cost data and demonstrated resistance to long-term environmental exposures.
Before these new material systems gain wide acceptance in commercial aircraft,
a firm base of manufacturing and maintenance cost data, based on multi-unit
production, is needed for a true assessment of airframe and aircraft system
costs relative to competing materials. Flight-service evaluation of complete
structural units is also required to determine the long-term behavior of com-
posite material under actual service loads and environments.

This program is intended to develop experience and confidence in composite
structures through the design, fabrication, certification, and flight-service
evaluation of a graphite-epoxy structural component for a commercial transport.
Specific program objectives are: (1) to develop the technology to design and
fabricate composite structural components for transport aircraft, (2) to obtain
production and maintenance cost data for composite structure, (3) to develop
confidence and experience in the utilization of composite materials in commer-
cial aircraft, and (4) to provide data for correlating flight-service behavior
with ground-based tests.

The program objectives are being met through design, development, ground
testing, and commercial flight service of graphite-epoxy upper-aft rudders for
the DC-10 transport aircraft. The composite rudder was extensively ground
tested for verification of strength and integrity of all critical details of
the structural design concept. Ten rudders were produced in a pre-production
manufacturing mode to obtain manufacturing cost data and production progress
curve trends.



A significant advancement to the state-of-the-art in composite structure manu-
facturing was achieved through development of the thermal expansion molding
technique for production of the graphite rudder box-structures. The thermal
expansion molding technique is a unique method of consolidating laminated
composite elements into a monolithic assembly in a single cure cycle, reducing
the need for preciﬁion dimensional control of detail parts and eliminating the
need for autoclave bagging preparations, autoclave curing and cleanup opera-
tions, and secondary bonding operations.

The thermal expansion molding technique exploited the thermal expansion char-
acteristics of silicone rubber tools to supply curing and bonding pressures
and to eliminate manufacturing tolerance accumulations during a single oven
cure cycle. The individual parts of the molding assembly were laid-up using
uncured laminates, densified, and trimmed to size on simple ancillary tools.
The individual parts were then assembled in a curing tool which consisted of
various metal and silicone rubber elements. The assembled tool was heated
so that the thermal expansions of the rubber elements furnished the pressure
required to consolidate the individual parts into a cured laminate assembly.
The heating cycle was controlled to provide the temperature and pressure
phasing required to cure and bond the Taminates.

This report summarizes the design, manufacturing development, and ground test
aspects of the program. The culmination of the program will be a monitored
five-year exposure of the graphite rudders in actual airline service. The
rudders are fully certified for commercial aircraft in regular passenger-
carrying operations, meeting the requirements of the Federal Aviation Regula-
tions, Part 25, in which the Federal Aviation Agency specifies the airworthiness
standards for transport category aircraft. Flight service experience will be
reported at annual intervals during the five-year flight-service period.

The measurement values in this report are expressed in the International
System of Units (SI) and also U.S. Customary Units. The U.S. Customary Units
were used for the principle measurements and calculations.



ANALYSIS AND DESIGN STUDIES

Preliminary design of the graphite-epoxy rudder was initiated using mechan-
ical property data representative of the Thornel 300/Narmco 5208 (T300/5208)
material prepreg system. This material system was selected for development
of the graphite rudder because of prior contractor research and development
experience with this product, excellent mechanical properties, demonstrated
shop-readiness, and ready availability in the required quantities. Prelim-
inary and detail designs of the rudder were consumated based on T300/5208
properties, existing DC-10 design criteria, and adaptability of the config-
uration to the manufacturing approach. Final design and analysis of the
rudder was based on experimentally determined allowable stresses and finite
element analysis of the selected rudder configuration.

Rudder Configuration and Manufacturing Concept

The general arrangement of the DC-10 rudder system is shown in Figure 1.
The rudder is divided into upper and lower rudder assemblies, each consis-
ting of a forward and aft rudder. The upper aft rudder has a span of four
meters (158 inches) and a planform area of approximately 3.16 square meters
(34 square feet). Each of the aft rudders is driven by a mechanical 1ink-
age connected to the forward rudder assembly. When the forward rudder is
deflected, the mechanical linkage causes the desired differential motion
between forward and aft rudder assemblies.

In preliminary design studies, seven candidate structural design concepts
were evaluated. These concepts are shown in Figure 2.

Interest was initially centered on the honeycomb sandwich skin panel and
full-depth honeycomb configurations because of the fully stabilized skin
panels and relative simplicity in terms of part numbers and conventional
assembly techniques. Rib and hat-stiffened concepts were later added
because a unique fabrication approach, the thermal expansion molding tech-
nique, was developed which eliminated the need for autoclave curing and
secondary bonding of laminated details.
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The fundamental elements of the thermal expansion molding technique are
illustrated in Figure 3. The individual parts of the molding assembly were
laid up in the "B" stage, densified, and trimmed to size on simple ancillary
tools. The individual parts were then assembled in a curing tool which con-
sisted of various metal and silicone rubber elements. The assembled tool was
heated so that the thermal expansions of the rubber elements furnished the
pressure required to consolidate the "B" stage parts into a cured laminate
assembly. The heating cycle was controlled to provide the temperature and
pressure phasing required to cure the laminate assembly.

Cost and weight tradeoff studies were conducted on the seven basic design
configurations. The rib-stiffened configuration, Figure 4, was finally
selected because it indicated significant advantages in weight, structural
integrity, and adaptability to the thermal expansion molding technique.

The thermal expansion molding technique was used to fabricate the stiffened
panel shown in Figure 5. The overall size of the panel was 34.3 x 59.7
centimeters (13.5 by 23.5 inches). The skin was a 6-ply layup (0°, 45°, -45°)S
with a thickness of 0.86 millimeter (0.034 inch). The panel stiffeners were
spaced 10.16 centimeters (4 inches) on center to represent anticipated spacings
in the rudder. The panel was first tested in fatigue to 4000 cycles of limit
shear stress in a critical rudder design condition and then under static loads
to failure. Shear loads were introduced to the panel through the pin-ended
"picture frame" jig shown in Figure 5. The static load was applied in 8.9
kilonewton (2000-pound) increments and visual observations for buckling defor-
mations were made after each load application. Skin buckling was first
observed at 78 megapascal (11,300-psi) shear stress in the skin panel. The
buckle pattern became more fully developed with increasing loads, developing an
ultimate shear stress of 183 megapascal (26,550 psi) at failure. These test
results established the feasibility of permitting elastic buckling of skin
panels in the graphite rudder design.
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TENSION — FIELD TEST PANEL

FIGURE 5.
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Design Criteria

Critical loads and conditions for the graphite-epoxy rudder, including failsafe
considerations, were determined from existing DC-10 design criteria documents.
Allowable stresses in tension, compression, and shear were determined experi-
mentally for unidirectional laminates and for each laminate pattern used in the
rudder design.

Loads and Conditions. - Critical Toads occur on the rudder (1) during yawing
and rolling maneuvers (induced by full rudder throw and/or engine flame-out),
(2) during dynamic overswing conditions which result from these maneuvers, and
(3) from lateral gust and inertia conditions. The rudder must withstand design
ultimate Toads (150 percent design limit loads) during these conditions without
failure. The Federal Aviation Regulations, Part 25, also require that the
structure must withstand design 1limit loads after the failure of any single
structural element (e.g., hinge bolt, fitting, skin panel, etc.).

The conventional aluminum alloy rudder system for the DC-10 was analyzed for
four basic flight conditions with failsafe variations (i.e., analysis cases
involving the failure of various hinges) from which 18 separate analysis cases
were required. Eleven of these cases (Table 1) which produced maximum internal
loads were selected for analysis of the graphite rudder.

Allowable Stresses. - Allowable stresses and elastic properties were derived
from accumulated test data for both unidirectional and patterned laminates.
Average values, "A" and "B" basis allowable stresses, elastic properties, and

critical strains are summarized in this section.

Lamina (unidirectional) strength allowables and elastic properties at 219°,
294°, and 394°K (-65°, 70°, and 250°F) were developed from 132 individual speci-
men tests summarized in Table 2. This data base was supplemented by additional
room temperature specimens tested periodically during incoming material quality
control checks.* The 132 specimens in the lamina test program were supplement-
ed by an additional 95 sandwich-beam tension tests and 90 sandwich-beam com-
pression tests.

*Incoming material quality control test data (resin and volatile contents,
flexural strengths and moduli, interlaminar shear strengths, and ply
thicknesses) are tabylated in Appendix A.
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TABLE 1

SUMMARY OF CRITICAL DESIGN CONDITIONS FOR ADVANCED COMPOSITE RUDDER

) N HINGES | CRITICALLY
GROSS WEIGHT VELOCITY ALTITUDE 5, 8 ASSUMED LOADED
DESIGN CONDITION kg LB m/SEC |KNOTS| m ET (DEG) |(DEG)| FAILED HINGE NO.
DYNAMIC OVERSWING 167,830]370,000}) 167.8 326 |7315124,000 9.621] 10.11 NONE 14
NONE 13 AND 14
156 16
RUDDER KICK 217,160 478,750 182.7 250 0 0 - 9.65 0 7 AND 12 NONE
’ 14 13,15 AND 16 |,
NONE 16
15 NONE
ENGINE FLAME-QUT 215,910]476,000| 216.2 420 0 0 —-156.40| 2.74 16 17
HINGELINE LOAD 7 AND 12 NONE
FACTOR 14 13 AND 15
+36G ULTIMATE — - - - — — - - NONE 15
Z,, = 491.00
AFT RUDDER
HINGE LINE

180% C)

PR3-DC10-14811
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TABLE 2

LAMINA DESIGN ALLOWABLE STRESS FOR THORNEL 300/5208 MATERIAL

ALLOWABLE STRESSES
STANDARD
TEMP DEVIATION AVERAGE “A” VALUE “B” VALUE

PROPERTY °k1| °F | mPa Ksl MPa KS! MPa Ksl MPa Ks!
F_ (TENSION) 294 | 70 |158.80 | 23.03 |1539.39 | 22327 | 91386 | 13254 | 1170.76 | 16981
F_ (COMPRESSION) 204 | 70 16248 | 2357 |1392.74 | 202.00 | 72680 | 10541 | 999.90 | 145.02
F. (TENSION) 204 | 70 331 | 048 42.31 6.14 | 29.26 424 34.62 5.02
F. (COMPRESSION) 204 | 70 | 1998 | 290 | 14755 | 21.40 | 6881 998 | 10115 | 1467
F_r (SHEAR) 294 | 70 372 | 054 95.35 | 1383 | 8070 | 11.70 8672 | 1258
SHEAR (SHORT BEAM) | 294 | 70 - — 130.31 | 18.90 — — — _
F_ (TENSION) “| 219 | —65 - — | 140457 | 20372 | 83427 | 121.00 | 1068.69 | 155.00
F,_ (COMPRESSION) 219 | —65 - — |1565.68 |227.08 | 81358 |118.00 | 112384 | 16300 |
F, (TENSION) 219/ | —65 - - 33.16 481 | 22389 332 27.10 3.93
F. (COMPRESSION) 219, | —65 - - 168.23 | 2440 | 7860 | 1140 | 115.14 | 1670
F_; (SHEAR) 219 | —65 - - 9494 | 1377 | 7998 | 11.60 86.18 | 1250
SHEAR (SHORT BEAM) — — 156.51 | 22.70 - — _ _
F, (TENSION) 394 | 250 | — —  ]1522.94 | 22088 [903.21 [131.00 | 1158.32 | 168.00
F, (COMPRESSION) 394 | 250 - — |108684 |157.63 | 56675 | 8220 | 779.11 | 113.00
F, (TENSION) 394 | 250 - - 24.99 363 | 1724 | 250 20.41 296
F_. (COMPRESSION) 394| | 250 - - 14334 | 2078 | 6681 9.69 9791 | 1420 |
F 1 (SHEAR) 394/ | 250 - - 63.09 9.15 | 53.37 7.74 57.36 8.32
SHEAR (SHORT BEAM) | 394/ | 250 —~ - 7998 | 11.60 — - _ _

The allowable stress data (Table 2) were normalized to a constant ply thick-
ness of 0.14 millimeter (5.5 mils). The reduction factors used in the deri-
vation of "A" and "B" basis allowables at room temperature were assumed to
apply at 219° and 394°K also. The lamina stiffness data (Table 3) were
obtained from strain-gaged specimens. Average strains to failure and Poisson's
ratios are summarized in Table 4.

Allowable stresses for patterned laminates were determined from the 264 speci-
men tests summarized in Table 5. These data were also normalized to a ply
thickness of 0.14 millimeter and reduced at 219° and 394°K in the same manner
as the lamina allowables. The elastic properties and allowable stresses are
presented in Tables 6 and 7, respectively.

A group of bolt-bearing specimens was tested to confirm bearing stress allow-
ables used in analysis of the hinge and crank fitting attachments of the
graphite rudder. The joint specimen configurations were designed to simulate
the geometry and load-path eccentricities of the hinge and crank fitting
details selected for the rudder.

14



TABLE 3

AVERAGE VALUES OF LAMINA YOUNG’S MODULI FOR THORNEL 300/5208 MATERIAL

(>1)ONE OF EACH THREE SPECIMENS WAS STRAIN-GAGED.

15

YOUNG'S MODULI
TENSION COMPRESSION TENSION COMPRESSION SHEAR
TEMP _ E, E, E. Er G,
O F GPa misI GPa VS| GPa M| GPa MSI GPa MS
204 70 | 14686 | 2130 | 13100 | 1900 | 1088 | 158 | 1303 | 189 | 641 093
219 | 65 | 14893 | 2160 | 14272 | 2070 | 1243 | 176 | 1220 | 177 | 807 | 117
304 | 250 | 15031 | 2180 | 12824 | 18.60 752 | 109 793 | 115 | 579 | o84
TABLE 4
AVERAGE VALUES OF LAMINA FAILURE STRAINS AND POISSON'’S
RATIOS FOR THORNAL 300/5208 MATERIAL
FAILURE STRAINS (PERCENT)
0-DEG 90-DEG POISSON’S RATIO
TEMP DIRECTION DIRECTION M
o °F TENSION COMPRESSION TENSION TENSION COMPRESSION
204 70 1.10 0.86 0.36 0.377. 0.380
219 | —e5 093 0.78 0.21 0.386 0373
304 | 280 0.99 0.97 0.32 0.379 0.400
TABLE 5
LAMINATE DESIGN ALLOWABLE TEST PROGRAM FOR
THORNEL 300/5208 MATERIAL
SPECIMENS REQUIRED (")
BASIC o, 0
SPECIMEN LAMINATE PER TEST TEMP K { F)
CONFIGURATION PATTERN 1219 (—65) 294 (70) 394 (250)
a) 1ITRI (45/—45)S 6 12 6
TENSION (0/45/—45)S 6 12 6
(0/45/90/—45)S 6 12 6
(90/45/—45)S 6 12 6
b) SANDWICH (45/—45)S 6 12 6
BEAM (0/45/—45)S 6 12 6
COMPRESSION
(0/45/90/—45)S 6 12 6
(90/45/—45)S 6 12 6
¢) RAIL SHEAR (45/—45)S 6 12 6
(0/45/90/—45)S 6 12 6
(90/45/—45)S 6 12 6




TABLE 6
AVERAGE VALUES FOR LAMINATE YOUNG'S MODULI
FOR THORNEL 300/5208 MATERIAL

YOUNG'S MODULI
TENSION COMPRESSION SHEAR
__TEMP E) (E, ). (G, ;)
PATTERN oK F GPa KSI GPa KSI GPa KS
{45/—45)S 294 70 26.1 (4)  3.78 249 (4) . 361 315(3) 457
219, 65 269{2)  3.90 306(2) 444 | 33.1{1) 480
394 250 16.4 (2) 237 213 (1)  3.08 32.2(1) 466
(0/45/~45)S 294, 70 64.9 (4)  9.40 64.3(4)  9.32 SEE
219 —65 65.8(2) 953 709 {2) 1027 (90/45/45)S
394 250 606 (2) 878 543 (2) . 7.87 DATA
(0/45/90/~45)s | 294 70 56.0 (4) 8.1 53.9(4)  7.81 17411} 252
219 65 61.312)  8.89 58.6 (2) 850 19.9(2) 289
394 280 53.4(2) 770 | 53.7(2) 778 18.2.42)  2.64
{90/45/—45)S 204  RT 3104 450 32.104) 465 | 22674 328
219 65 260{2)  3.77 370({2) 536 306 (1) 444
394 250 307(2) 445 28.1(2) 407 220(2)  3.19

NUMBERS IN PARENTHESES INDICATE NUMBER OF TESTS FROM WHICH AVERAGE WAS COMPUTED.

Two test results were obtained from each of the 22 specimens. Four tests were
run with a 0.5 millimeter (0.02 inch) spacer at the faying surface of the
laminate. This spacer represented the nominal tolerance take-up shims antici-
pated at the rudder hinge fittings. An additional four tests were run with a
4.8 millimeter (0.19 inch) spacer at the faying surface to represent the thick-
ness of the hinge fitting flange to which the crank fitting attached. The
spacers accurately represented the load path eccentricities of the rudder fit-
ting installations.

Both the rudder and the joint specimens were designed to preclude tension-
through-the-hole failures in the laminates. The specimens failed either in
bearing or in combined bearing and shear modes as shown in Figures 6 and 7.

The tests were conducted at 219°, 294°; and 394°K and selected specimens were

tested after a 30-day exposure to 1007percent ré]ative humidity. Joint con-
figurations, test conditions, and test results are summarized in Table 8.
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TABLE 7

LAMINATE DESIGN ALLOWABLE STRESSES FOR THORNEL 300/5208 MATERIAL

ALLOWABLE STRESS

IN-PLANE
TEMP TENsIon!) compression? SHEAR
PATTERN K. o BASIS MPa KSI NiPa KSI MPa KSi
294 70 AVERAGE 139.71 20.26 180.43 26.16 391.94 56.84
A 106.56 15.45 152.95 22.18 123.97 17.98
B 12021 1743 16427 2382 234.19 33.96
219 —65 AVERAGE 169.27 24.55 268.29 3891 328.31 47.61
{45/—45)S A 129.10 18.72 227.42 32.98 103.85 15.06
B 145.64 21.12 24426 35.42 196.17 28.45
394 250 AVERAGE 92.30 13.38 1655.80 22 59 336.46 48.80
A 70.40 10.21 132.07 19.15 106.42 15.43
B 79.42 11.51 14184 2057 201.04 29.15
204 70 AVERAGE 503.02 72.95 504.52 73.17
A 208.03 30.17 307.87 4465
B 32953 47.79 388.87 56.40
219 —65 AVERAGE 480.36 69.67 588.64 85.37 SEE
(0/45/—45)S A 198.66 28.81 359.20 52.09 (90/45/—45)S
B 314.68 45 .64 453.71 65.80 DATA
304 250 AVERAGE 342.69 49.70 412.15 59.77
A 141.72 2055 25150 36.47
B 224.49 32.56 317.67 46.07
294 70 AVERAGE 41391 60.03 454.96 65.98 309.31 4486
A 238.27 3455 27255 3953 142 51 20.66
B 310.62 45.05 347.68 50.42 211.21 30.63
219 —65 AVERAGE 388.06 56.28 517.46 75.05 226.56 3286
(0/45/90/—45)S A 223.38 32.39 309.99 44.96 104.38 15.13
B 291.21 4223 395.44 57.35 154.70 22.43
394 250 AVERAGE 305.93 44.37 355.85 51.61 223.06 32.35 |
) A 176.11 2554 21317 30.91 102.77 14.90
B 229 58 33.29 27194 39.44 152.31 22.09
204, 70 AVERAGE 167.54 24.30 185.34 26.88 428.16 62.09
o A 108.68 15.76 131.13 19.01 299.99 4351
B 132.92 19.27 153.46 22.25 352.78 51.16
219! —65 AVERAGE 177.63 25.76 204.74 29.69 122.83 39.09
{90/45/—45)S A 115.23 16.71 14486 21.01 188.87 27.39
B 14093 20.44 169.52 24,58 222,11 32.21
394 250 AVERAGE 129.09 18.72 169.24 2454 365.13 52.95
A 83.74 12.14 119.75 17.36 2565 82 37.10
B 102.41 14,85 140.13 20.32 300.84 43.63

1), 6AD DIRECTION ALONG 0-DEG FIBER AXIS.
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TESTED AT 294°K (70°F) TESTED AT 394°K (250°F) TESTED AT 219°K (~65°F) TESTED AT 294°K (70°F)

TESTED AT 294°K (70°F)

FIGURE 6. BOLT BEARING SPECIMEN FAILURES

TESTED AT 394°K (250°F)

WITH 4.8 mm SPACER

‘ TESTED AT 219°K (—65°F)
AFTER 30 DAYS EXPOSURE TO 100-PERCENT RELATIVE HUMIDITY

FIGURE 7. BOLT BEARING SPECIMEN FAILURES AFTER HUMIDITY EXPOSURE

(0, 45, 90, —45) 4S NOMINAL THICKNESS =

TABLE 8

BOLT BEARING TEST RESULTS

THORNEL 300/5208 LAMINATE

7.94-mm (5/16-INCH) DIAMETER TITANIUM BOLT

4.47 mm (0.176 INCH)

oI
SPEEIMEN; = PRE-TEST TT:I\SIITI; T:$KC;§SS NO. FTJX’S y SE?/T/.'\DTA;EE “A” BASIS | “B”BASIS
GROUP |ENVIRONEMENT OF
NO. ExPOSURE | k.| °F | mm | . |Tests| N | we | n | e [ mpa | kst | wpa | ks
1 NONE 204| 70| NONE|[NONE| 8 |27,174| 6100 |1944.0|437.0 {52476 |76.11 | 621.29 | 90.11
2 NONE 394|240 | NONE [NONE| 4 | 24,327|5469 |1740.1 |391.2|469.74 | 68.13 | 556.20 | 80.67
3 NONE 219/ —65 | NONE|NONE| 6 | 28,171 6333 |2015.0 | 453.0 | 543.93 | 78.89 | 643.97 | 93.40
4 NONE 204| 70| 051 | 002 | 4 |25635|5763|1833.6|412.2]495.04|71.80|586.12|85.01
5 NONE 204| 70| 483 | 019 | 4 |25088|5640|1794.9|403.5]484.43|70.26|57351(83.18
6 100-PERCENT |294| 70| NONE|NONE| 8 |28,135|6325|2344.2|527.0|502.77|72.92|514.62|74.64
7 vk 394 | 250 | NONE [NONE| 4 | 242695456 |2022.2] 454.6| 433.68 | 62.90| 443,88 | 64.38
8 30 DAYS 219|—65| NONE|NONE| 6 | 27948 6283]2328.6|523.5| 40939 72.43]511.18]74.14




The test results indicated that adequate safety margins were attained at all
hinge and crank fitting attachments throughout the service temperature and
humidity environment of the rudder,

Design Details

The rib-stiffened rudder configuration consisted of the graphite-epoxy box-
structure, conventional machined aluminum alloy fittings at the five hinge or
actuator stations, the fiberglass-epoxy leading and trailing edge installations,
and the fiberglass-epoxy tip installation. A lightning protection system was
incorporated to preclude structural damage due to lightning strikes. A modi-
fication to the metal forward rudder was required to accommodate differential
thermal expansions between the forward and aft rudders in the operating temp-
erature range. Salient design details of these structures are described in

this section.

Graphite-Epoxy Box-Structure. - The graphite-epoxy box-structure was conceived
as a single molded assembly consisting of the two skin panels, the front and
rear spars and 31 ribs. The skin panels consisted primarily of a basic 6-ply
pattern (0°, +45°, -45°)S with the 0° ply oriented spanwise. The fore and aft
boundaries and the upper edges of the skin panels were reinforced as shown in

Figure 8 to provide for attachment of the leading and trailing edge assemblies,
the tip assembly, and hinge and actuator fittings.

Five access holes were required in the right-hand skin panel to provide wrench
access for the hinge-bearing nut installations. These regions were reinforced
Tocally to 16 plies. Similarly, both skin panels were built-up locally at the
four attach points for the rudder crank fittings (up to 28 plies) for increased
bearing strength. The reinforced regions consisted of multiple Tayers of a
quasi-isotropic four-ply pattern (0°, 45°, 90°, -45°)S to enhance bearing
properties for the mechanical fasteners in these regions.

The rib elements, Figure 9, consisted of the eight-ply quasi-isotropic (0°,
45°, 90°, -45°)S pattern at the five hinge locations (10 ribs) and the six-ply
(0°, 45°, -45°)S pattern otherwise. A single chordwise ply was added to each
rib-cap at the skin interface to increase bending strength and rigidity.

19 =~
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Details of the aluminum alloy crank and hinge fitting attachments are shown

in Figures 10 and 11. The indicated laminate thicknesses included the con-
tribution of the front-spar flange (eight-ply) in addition to the reinforced
skin regions. Pan-head Hi-Lok pins were specified at the external skin attach
points. These pins provided increased bearing strengths in comparison to
countersunk bolts and a low head profile for reduced drag in comparison to
equivalent hex-head bolts. Hex-head bolts were specified at skin attach points
covered by aerodynamic fairings. Titanium alloy pins and bolts were used 1in
all cases for improved corrosion resistance.

Leading Edge Installation. - The fiberglass-epoxy leading edge structure,
Figure 12, consisted of 12 segments to provide maintenance access to the hinge

fittings equivalent to the conventional metal rudder. Each segment of the
leading edge was attached with flush titanium alloy screws and nutstrips or
nutplates using steel nuts. The basic laminate thickness consisted of five
plies of 181 style glass fabric with a nominal cured thickness of 1.27 milli-
meter (0.050 inch). The basic laminate thickness was increased at points of
attachment and in splice regions as shown in Figure 12.

Trailing Edge Installation. - The fiberglass-epoxy trailing edge structure,
Figure 13, was an adaptation of the existing DC-10 design to the graphite
rudder box geometry. It was divided into three segments similar to the pro-
duction installation. The basic four-ply laminate was increased to five plies
at the points of attachment to the graphite rudder box. The trailing edge
segments were attached to the box structure with a cold-set adhesive in addi-
tion to the attach rivets in keeping with design policy established through
development of several previous transport aircraft. The aluminum alloy rivets
were anodized and coated to inhibit galvanic corrosion at the graphite

interface.

Tip Installation. - The tip installation, Figure 14, was also a fiberglass-
epoxy construction with thicknesses similar to the trailing edge. The tip
assembly was riveted to the fiberglass-epoxy closing rib of the rudder box.

No special corrosion protection was required for these rivets since they
interfaced only with fiberglass.
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Lightning Protection System. - The composite rudder is located at the upper-aft
extremity of the aircraft and is vulnerable to both direct and swept-stroke
lightning attachments. A design study was conducted to evaluate Tightning
protection and related system requirements for the composite rudder. The
following conclusions were reached:

o]

Electromagnetic shielding was not required because the rudder did not
contain electrical or avionics components.

The composite rudder design did not adversely affect operation of the
VOR/Localizer and HF antenna system located in the vertical stabilizer.

Four precipitation static (p-static) dischargers were required at the
rudder trailing edge. These dischargers required an electrical con-
nection to the metal structure of the aircraft.

An isolation design concept, illustrated in Figure 15, was therefore selected
for the composite rudder. Two thin aluminum alloy conductive straps were in-
stalled around the fiberglass tip and upper trailing edge to divert and guide
direct lightning stroke currents to the forward metal structure through a
bonding jumper installation. The four p-static dischargers were electrically
connected to these aluminum straps. A dielectric coating, 0.15 to 0.25 milli-
meter (6-10 mi1) thick, of epoxy and polyurethane paint was applied over the
graphite skin surface for swept-stroke and restrike protection. This design
assured complete isolation between the graphite composite structure and light-
ning current paths and thus protected the composite structure from lightning
damage.

Forward Rudder Modification. - A design modification to the forward rudder "A"
frame hinge brackets was required to accommodate the thermal expansion and
contraction differentials between the forward and aft rudders throughout the
operating temperature range (219°K to 344°K) without inducing large thermal
stresses. The thermal contraction differential between 294°K (70°F) and 219°K
(-65°F) was a nominal 6.1 millimeters (0.24 inch) between the Tower and upper

hinge stations.

28



W HSEEI-0I00O-8d

3903 ONITIVYL ssy19d3da14

(830V1d ¥)
HIDYVHISIAOILVLS-d

dVd.L1S ANNINNTY
3903 ONITIVYL

dil sSv19y38id

dVHLSWANIANTY dIL

WALSAS NOHLOZ1I0Hd DNINIHDIT 8l 3HNODH

TINVd NINS
JLIHdYYED

g3qgi3iHs
ATTIVOIMLO3T31d

ALHdVED [ ]
SSy1ou3gl [

WI3IN

dVdS ALIHdVYD

FONIH V13N

d3dINNT ONIANOE

/moom ONIGY31SSY1983gid

29



The forward rudder hinge bracket modification is shown schematically in Figure
16. The thermal problem was resolved by providing the required vertical load
reaction at a rigid center hinge bracket (rather than at the lower bracket as
was done on the aluminum rudder) and by providing brackets which were flexible
under Toads parallel to the aft rudder hingeline at the other four hinge sta-
tions. Al11 five brackets had rigidities equivalent to the production design

in planes normal to the aft rudder hingeline to retain adequate flutter margins.
Dimensional free-play levels equivalent to the production installation were
also maintained for the same reason.

The force-deflection characteristics of the lower four "A" frame hinge brackets
were carefully designed to accommodate the necessary deflections at nominal
working stress Tevels well within the endurance Timit stress of the material to
preclude fatigue problems due to the thermal flexing. Because of geometry
restraints at the upper hinge station, a pivoting rather than a flexing hinge
bracket was used to avoid excessive bending stresses. The modified forward
rudder retained complete interchangeability with the existing metal aft rudders.

Stress Analysis
A finite element analysis model was formulated to determine internal load

distributions for the graphite-epoxy rudder considering the revised stiffness
characteristics and orthotropy of the selected laminate patterns. The analysis

model, illustrated in Figure 17, consisted of 237 node points, 498 bar elements, -

and 259 shear panel elements. The aft rudder skins, front-spar, rear-spar, and
all ribs were included in the model. The shear panel elements were assumed to
admit shear forces only.

A coarse idealization of the forward rudder was also included together with
idealizations of the five "A" frame hinge brackets. The latter elements of
the model represented the fitting support normal and parallel to the hinge
centerline for analysis of loads induced by the differing coefficients of
thermal expansion between the forward and aft rudders.
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HINGE IDEALIZATION
(TYPICAL — 3 PLACES)

17 AFT RUDDER
IDEALIZATION
16
FORWARD RUDDER
IDEALIZATION
"A" FRAME
IDEALIZATION
{TYPICAL — 5 PLACES)}
15
DRIVE FITTING RIB STATION
IDEALIZATION {TYPICAL)
{TYPICAL — 2 PLACES] —{
N
T e ———
14
HINGE
NO. 13;
REAR
SPAR
] PLANE

FRONT SPAR PLANE —-\
1

{
' FIGURE 17. FINITE ELEMENT ANALYSIS MODEL
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The normal and chordal airloads for the critical conditions were arranged into
point Toads which acted at the node points of the analysis model. Hinge point
deflections induced by vertical fin and forward rudder bending deformations
were obtained from the original aluminum alloy rudder analysis and were used
as boundary restraints in the finite element analysis. There were 1126 equi-
librium equations in the mathematical formulation and 1275 unknown element
forces were determined in the solution.

Ten critical flight conditions were investigated in the finite element
analysis. Three of the conditions were all-well conditions for which the
ultimate factor of safety (1.5) was used. The remaining seven conditions
resulted from the failsafe requirement that the structure sustain Timit
load after failure of any single structural element. Each of the critical
failsafe conditions involved failed hinges.

The ten critical conditions required 40 analysis cases because the rudder
hingeline was offset (i.e., the structure was not symmetric about the mid-
plane) and two temperature conditions were significant. Internal loads varied
with positive and negative rudder angles and with the temperature at which the
loads were applied. The 40 analysis cases are summarized in Table 9.

The analysis results indicated that the critical hinge loads for the graphite
rudder had changed significantly from the metal design, see Table 10. Analysis
of the forward rudder indicated that the increased loads at hinges 13, 15, and
17 were acceptable and strength increases were not required in the forward
rudder.

Critical stresses in the basic graphite box-structure are shown in Figures 18
through 20. The plots indicated the maximum-minimum stress envelopes which
resulted from all 40 conditions analyzed. The influence of the driverod Toads
was clearly indicated in the rudder stress distributions.
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TABLE O
SUMMARY OF ANALYSIS CASES FOR THE GRAPHITE RUDDER

HINGE
NUMBER

; TEMPERATURE HINGES ULTIVATE
CONDITION 5 | DIFFERENTIAL, AT | ASSUMED SAFETY
NO. CONDITION DESCRIPTION | (DEG) % (°F) FAILED FACTOR
1111 | 21 | 31 | A11Y (DYNAMIC OVERSWING) | +9.62 0 | —75 (—135) NONE 15
2 | 12 | 22 | 32 | M11Y (RUDBER KICK) +9.65 o | ~75 (-135) NONE 15
3113 23|32 7 AND 12* 10
4 | 14| 24 | 24 L 14 L
5 |16 | 25 | 35 - IR ¥ 15
6 | 16 | 26 | 36 | 8A (ENGINE FLAMEQUT) +15.4 0 | =75 (-135) NONE 15
7 |17 |27 | @ 7 AND 12* 1.0
g | 18| 28|38 , 14
9 |19 | 29 | 39 : 15
10 | 20 | 30 | 40 - C I g 16

*HHHNGES 7 AND 12 ARE.ON FORWARD RUDDRER

TABLE 10
CRITICAL HINGE LOAD SURVEY

l 4 C
HMN
METAL BUDDER RINGE LOADS GRAPHITE RUDDER HINGE LOADS
HMN HMC HMN HMC
HINGE NUMBER NiokB M 8 CONDITION i} L8 M La CONDITION RGf’RM
T3 2722 812 752 189 | RUDDEFRKICKNG. 14 0Ty 5378 208150 TS LA U HUDDE B KICK N 14001 283
14 TOE8E $2,450 26,645 59007 EMNGINETUY ol [P j‘&,OGE 24,287 SAGH T ENGINE QUT 1.86
i85 5556 | 1,249 271 B1 | RUDDER KICK (NG, T4 OUTY 8486 180 2,388 “RAZ TRUDBER KICK NG 4 OUT) 154
16* —T2¥ 1 e a8l 2477 T ENGINE QUT (N0 10U Q328 20071011588 S 2B00 [ ENGINE OUTANR. 1A 0UTS fulvde
17 1,303 243 484 P ENGINE DUT NG 16 OUTY 3878 BRZPEEI80 SRR TENGINE QUT INOIIE0UTY 2.8%

RGO LOTET HON

& L RESULTANT LOAD O HINGE WITH CREPHITE RUDDER
G RESUVLTANT LOAD ONHINGE WITH METAL RUDDER
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Weight Summary

A weight summary for the conventional and graphite composite upper aft rudders
is given in Table 11. The actual weight of the first composite rudder was
27.83 kilograms (61.34 pounds), a weight reduction of 33 percent in comparison
with the conventional metal rudder. The actual weights of the composite rudder
components were in close agreement with predicted weights. The actual weight
of the paint finish (2.67 kg) exceeded the predicted weight (1.36 kg) because
of the added thickness for swept-stroke Tightning protection.

Rudder units 1, 6, 7, and 8 were heavier than average because of repair
doublers added during construction of the graphite-epoxy mold assemblies.

Unit 1 was inadvertantly cured with the wrong fiber orientation in the six-ply
ribs. The rib strength was restored by secondarily bonding three ply (0°, 90°,
0°) graphite-epoxy doublers to each side of the affected ribs. Approximately
1.4 kg (3 pounds) of doublers and adhesive were required. In units 6, 7, and
8, graphite-epoxy doublers and adhesive ranging in weight from about 0.6 to
0.9 kg (1.3 to 2.0 pounds) were installed to repair minor cracks and "oilcan"
regions (see Rudder Manufacturing).

Weight variations of the ten composite rudders were analogous to metal rudder
variations. For the ten composite rudders, including the repair doublers
discussed previously, finished weights varied 2.76 percent from the mean
value. For a sampling of 25 metal rudders, finished weights varied 2.85
percent from the mean value.
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SPECIMEN AND SUBCOMPONENT DEVELOPMENT

The design, tooling concepts, and test results for a series of structural
specimens and subcomponents are discussed in this section. The previously
discussed design allowable tests were supplemented with selected fatigue and
fracture toughness tests to indicate acceptable structural durability and
fracture characteristics for the rudder design. Manufacture of the subcompo-
nents substantiated tooling and processing techniques, and testing of the
subcomponents verified the structural integrity of critical design details of
the rudder.

Fatigue Tests

A group of 24 sandwich-beam fatigue specimens was tested to failure to deter-
mine acceptable working stress levels for the rudder design. The graphite-
epoxy laminate facing of the sandwich-beam specimens incorporated a laminate
pattern representative of the front-spar caps of the rudder (0°, 45°, 90°,
-45°)S. Twelve of the specimens had continuous laminates (Kt = 1.0) and 12
contained centrally located 6.35 millimeter (1/4 inch) diameter holes (Kt =
3.0) representative of the bolt holes in the front-spar cap at the hinge and
crank fitting attach points. Three beams of each specimen configuration were
tested statically, and nine each were tested under reversing stress conditions
(R = -1.0) at load levels ranging from 35 to 67 percent of the average static
ultimate loads. Test results are shown in Table 12 and Figure 21. The fail-
ures all occurred in the test sections and the scatter of data was very good.
On a net stress basis, the specimens containing the holes indicated slightly
improved fatigue performance.

Fracture Toughness Tests

Five fracture toughness test panels, Figure 22, were fabricated and four of
these were intentionally damaged in a Gardner Impact Test apparatus using a
12.7 mi1limeter (1/2 inch) diameter penetrator and impact energies ranging
from 1.13 to 4.52 joules (10 to 40 inch-pounds). The fifth panel, undamaged,
was used as a control specimen. A six-ply laminate pattern representative of
the rudder skins, (0°, 45°, -45°)S, was used in the specimens.
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TABLE 12

SANDWICH-BEAM FATIGUE TEST RESULTS FOR THORNEL 300/5208 MATERIAL
(0, 45, 90, —45°)S LAMINATE AT STRESS RATIO, R=-1.0

42

TEST LOAD
PERCENT STNREETss
SPECIMEN SPECIMEN AVERAGE CYCLES TO
CONFIGURATION | NUMBER | N | LB |STATICLOAD| mPa | KSI | FAILURE REMARKS
23941117-1 1 7900 | 1776 - 534.34 | 775 - STATIC TESTS —
N o O o e I 1
3 8674 [1950 - -
4 5338 |1200 66.7 356.46 | 51.7 1,000 |FAILED IN TEST SECTION
5 4003 | 900 50.0 266.83 | 38.7 5,000 | FAILED IN TEST SECTION
6 3559 | 800 44.4 237.18 | 344 55,000 | FAILED IN TEST SECTION
7 3203 | 720 400 21374 | 310| 306,000 | FAILED IN TEST SECTION
8 3203 | 720 400 21374310 113,000 | FAILED IN TEST SECTION
) 3203 | 720 40.0 21374|31.0| 577,000 | FAILED IN TEST SECTION
10 2802 | 630 35.0 186.85 | 27.1 | 2,471,000 | FAILED IN TEST SECTION |
11 2802 | 630 35.0 186.85 | 27.1 | 4,680,000 | FAILED IN TEST SECTION |
12 2802 | 630 35.0 186.85 | 27.1 | 1,006,000 | FAILED IN TEST SECTION
73941117501 ; 1 4946 |1112 - 3930 | 57.0 - STATIC TESTS —
omminon o |l | | ave fao| _ |Rebeethue
HOLE] 3 5276 | 1186 - -
4 3336 | 750 67.0 263.38 | 38.2 11,000 | FAILED IN TEST SECTION
5 3336 | 750 67.0 263.38 | 38.2 23,000 | FAILED IN TEST SECTION
6 3336 | 750 67.0 263.38 | 38.2 42,000 | FAILED IN TEST SECTION
7 3069 | 690 61.7 24270 | 35.2 10,000 | FAILED IN TEST SECTION
8 3069 | 690 61.7 242.70 | 35.2 59,000 | FAILED IN TEST SECTION
9 3069 | 690 617 24270 | 352 | 132,000 | FAILED IN TEST SECTION
10 2669 | 600 535 21029 305 | 1,281,000 | FAILED IN TEST SECTION
11 2669 | 600 535 21029 305 | 2,392,000 | FAILED IN TEST SECTION
12 2669 | 600 535 21029 305 | 2,566,000 | FAILED IN TEST SECTION
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The damage was centrally located in the 305 millimeter (12-inch) width of the
test specimens. The extend of damage at 4.52 joules impact energy is illus-
trated in Figure 23. At 1.13 joules impact energy, the damage was barely
visible. After the panels were instrumented with strain-gages, residual
strength tests were conducted using a Riehle Test Machine. Test results are
summarized in Table 13.

The control panel failed at the edge of the grip reinforcement at an ultimate
stress level 25 percent below the nominal strength of the panel indicated by
the design allowable tests. The balance of the panels failed in the test
sections and, excepting Panel 1, through the damaged areas (see Figure 22).
Panel 1 failed through the basic laminate approximately 25 millimeters from
the damage center at an ultimate stress level of 520 megapascals (75,500 psi).
Panels 1, 2, and 3 indicated the expected trend of reduced residual strength
with increased damage. Panel 4 attained a greater ultimate stress level than
expected. The edges of the impact areas of Panel 4 did not exhibit the sharp
cleavage found on Panel 3 (see Figure 23) and it was concluded that the stress
concentration factor was less severe in Panel 4. The results of the panel
tests led to the conclusion that the rudder skins can sustain significant
damage without danger of fast fracture.

Manufacturing Development Components

Feasibility of the thermal expansion molding concept was demonstrated through
fabrication of eight development components on the form mold die (FMD) shown
in Figure 24. The side plates of the FMD (50 millimeter thick steel plates)
were removed for clarity. The internal metal mandrels and the cast room
temperature vulcanizing (RTV) rubber mandrels are shown separately. The
rubber mandrels were subsequently cut into segments for removal through the
three holes in the front-spar of the development component provided for the
internal metal mandrels.

Four significant problems were encountered during fabrication of the develop-
ment components. These problems are summarized in Table 14. During the first
cure cycle, excessive pressures were developed in the Silastic "J" rubber
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TABLE 13

FRACTURE TOUGHNESS PANEL TEST RESULTS

DAMAGE ULTIMATE
IMPACT ENERGY STRESS
PANEL -
NO. i IN.-LB MPa KS1 REMARKS
CONTROL NONE NONE 366.42 53.00 FAILED AT EDGE OF GRIP REINFORCEMENT
1 ‘113 10 520.55 75.50 FAILED THROUGH LAMINATE PANEL 2,54 CM }
(1.00 IN.} FROM DAMAGE CENTER
2 2.26 20 348.19 50.50 FAILED THROUGH DAMAGE
3 452 40 248.21 36.00 FAILED THROUGH DAMAGE
4 (2) AT (2) AT 417.13 60.50 FAILED THROUGH DAMAGE. THE EDGES OF
4,52 40 THE IMPACT AREAS DID NOT HAVE THE
SHARP CLEAVAGE FOUND IN PANEL NO.3
TABLE 14
SUBCOMPONENT DEVELOPMENT PROBLEMS AND SGLUTIONS
CURE
CYCLE PROBLEMS CAUSE SOLUTION
1 254-MILLIMETER EXCESSIVE PRESSURE CHANGED RUBBER
(1-INCH) DIAMETER FORMULATION.
TOOLING BOLTS FAILED. REDUCED RUBBER VOLUME.
2 RUBBER MANDRELS CREEP BEHAVIOR UNDER REMADE RUBBER MANDRELS
SHRUNK. CURING HEAT AND WITH METAL INCLUSIONS TO
PRESSURE. STABILIZE DIMENSIONS.
3 POOR FIBER COLLIMATION LAMINATE CURED WITH ADDED ELECTRICAL
AND LARGE ACCUMULA- INADEQUATE PRESSURE. HEATERS WiITH METAL
TIONS OF RESIN. MANDRELS FOR INSIDE-OUT
HEATING.
4 RUBBER MANDRELS CURING HEAT AND ADDED TEFLON TAPE AT
STUCK. PRESSURES. FAYING SURFACES.
5-8 NONE — -
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mandrels (estimated at about 7 megapascal) and two of the 25.4 millimeter
(1-inch) diameter tooling bolts retaining the side plates failed in tension.
The heatup rate was also very slow due to the mass of the FMD.

The internal metal mandrels were redesigned and the rubber mandrels were
recast (using Dapcocast 38-3) to reduce curing pressure for the second cure
cycle. The redesigned metal mandrels reduced the volume of rubber and incor-
porated internal electrical heaters which increased the heatu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>